Abstract. A transgenic mouse model in which cytochrome P450 4F2 (CYP4F2) was expressed in multiple organs was expected to clarify the role of 20-hydroxyeicosatetraenoic acid (20-HETE) in the regulation of blood pressure, compared with our previously established kidney androgen-regulated protein (KAP) promoter CYP4F2 transgenic mouse model which predominantly showed renal overexpression of CYP4F2. A novel CYP4F2 transgenic mouse model driven by the cyto megalovirus (CMV) promoter was generated and identified by PCR and subsequent sequencing. Extensive study of CMV-CYP4F2 transgenic mice demonstrated that CYP4F2 was exclusively expressed in the liver, while 20-HETE levels in the urine, kidney and blood were not affected, and there was no resulting change in the systolic blood pressure. This was in contrast to KAP-CYP4F2 transgenic mice which exerted prohypertensive action of 20-HETE resulting from the renal overexpression of CYP4F2. In addition, CYP4F2 overwhelmed the endogenous renal Cyp4a family mRNA levels in the KAP-CYP4F2 but not in the CMV-CYP4F2 transgenic mice. These results support the idea that overexpression of renal CYP4F2, leading to high 20-HETE in the urine and blood, may account for the elevated blood pressure. The CMV promoter did not direct CYP4F2 expression into extensive tissues and organs in an attempt to clarify the action of 20-HETE.
Introduction
The human cytochrome P450 4F2 (CYP4F2) gene (MIM no. 604426) encodes an ω-hydroxylase that catalyzes the metabolism of arachidonic acid to 20-hydroxyeicosatetraenoic acid (20-HETE) (1) . Previous studies have demonstrated that 20-HETE has two contradictory effects in the development of hypertension (2, 3) . One is prohypertension resulting from constriction of the small arteries (4, 5) . The other is anti-hypertension caused by inhibition of sodium reabsorption (6, 7) . We have previously elucidated the prohypertensive action of 20-HETE derived from CYP4F2 in the human population and in a transgenic mouse model (8, 9) . We initially identified that a functional haplotype of CYP4F2 with increased transcriptional activity is associated with elevated urinary 20-HETE and hypertension in the Chinese population (8) . Then, we successfully generated CYP4F2 transgenic mice of the FVB/N strain with the kidney androgen-regulated protein (KAP) promoter (KAP-CYP4F2), and documented that the preferential renal overexpression of CYP4F2 enhances 20-HETE production and elevates systolic blood pressure (SBP) (9) . Nevertheless, the following problems should be further addressed: i) whether or not the FVB/N genetic background is involved in the phenotype of the transgenic mice and ii) assessment of the phenotype of transgenic mice with strong CYP4F2 overexpression in multiple tissues and organs. FVB/N mice, the origin of the KAP-CYP4F2 transgenic mouse model, have higher renal 20-HETE production compared with BALB/c and C57BL/6 mice (10) . The extent of 20-HETE production is possibly related to its prohypertension. Substantiating this possibility, renal overproduction of 20-HETE in mice (9, 11) and rats (12) (13) (14) has been associated with the development of hypertension. Female mice, which have very low renal 20-HETE production, are more resistant to angiotensin II-induced hypertension (15) . C57BL/6 males, which have lower renal 20-HETE production than the males of other strains, show reduced susceptibilities to the development of deoxycorticosterone acetate-salt hypertension (16) . The BCF1 strain, a hybrid of BALB/c and C57BL/6 mice with reduced renal 20-HETE production compared to the FVB/N strain, was used to obtain a congenic CYP4F2 transgenic mouse model in which CYP4F2 expression was driven by the cytomegalovirus (CMV) promoter, which is widely used for directing the purposed gene expression into multiple tissues (17, 18) . These CMV-CYP4F2 transgenic mice were expected to have higher 20-HETE levels in multiple tissues and organs, thus leading to higher SBP than KAP-CYP4F2 transgenic mice.
In this study, CMV-CYP4F2 transgenic mice were compared to KAP-CYP4F2 transgenic mice in order to investigate the effect of 20-HETE on blood pressure. We also evaluated the impact of foreign CYP4F2 on endogenous Cyp4a10, Cyp4a12 and Cyp4a14 in mice.
Materials and methods
Generation of CMV-CYP4F2 transgenic mice. The novel CMV-CYP4F2 transgenic mouse model was generated according to previously described methods (9) . In brief, CMV-CYP4F2/his plasmid was microinjected into BCF1 one-cell fertilized mouse embryos to generate two CYP4F2 transgenic founders. Mice were fed with standard mouse chow and water, bred in a 12:12 h light-dark cycle system. Transgenic mice, 14-to 20-weeks-old, were used for data collection, with age-and gender-matched wild-type mice as controls. All experiments conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication no. 85-23, revised in 1996). CYP4F2 cDNA was identified by PCR and confirmed by sequencing. PCR was performed using DNA isolated from tail biopsies with specific primers 5'-TGGACCTACGCCTTCTATGA-3' and 5'-CCACTTGTCACCAGCACTCA-3'.
Western blot analysis. Total protein was extracted from tissues of transgenic mice and the concentration was determined with the Bradford method. Denatured protein was separated by electrophoresis and transferred onto PVDF membranes (BioRad, USA) at 4˚C. Membranes were subsequently incubated with 1:1,000 anti-CYP4F2 antibody (Fitzgerald, Concord, MA, USA) or 1:1,000 anti-β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as the primary antibodies, followed by alkaline phosphatase-conjugated IgG (1:2,000) as the secondary antibody. The final detection reaction was performed with β-naphthyl acid phosphate and Fast Blue B salt (Sigma-Aldrich, St. Louis, MO).
20-HETE analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS
). 20-HETE was measured by the API 3200 Q-trap LC-MS/MS system (Applied Biosystems, Foster City, CA) as previously reported (19) . Generally, urine samples were incubated at 37˚C for 2 h with 0.1 mg/ml β-glucuronidase (Sigma-Aldrich); 0.4 ml blood samples were used without additional disposing; the kidney or liver samples were homogenated in methanol (0.1% formic acid), followed by addition of 2 ng 20-HETE-d6 (Cayman Chemical, Ann Arbor, Mich) to each sample as an internal standard. Lipids were extracted with ethyl acetate, dried under nitrogen, and resuspended in methanol. Samples were separated on a reversephase Symmetry C18 column (3.5 µm, 2.1x150 mm; Waters, Milford, MA) at a flow rate of 0.2 ml/min using solvent A (water, 0.1% formic acid) and solvent B (acetonitrile: methanol 6:1, 0.1% formic acid) (0-2 min 25% B, 2-10 min 25-75% B, 10-18 min 75-95% B, 18-30 min 95% B, 30-30.5 min 95-25% B and 30.5-40 min 25% B). The effluent was ionized using negative ion electrospray and quantified by multiple reaction monitoring. The ion abundance of 20-HETE in the peaks vs. that of 20-HETE-d6 were determined and compared with standard curves generated over a range from 0.2 to 10 ng.
Blood pressure measurement. The mouse blood pressure was measured by the tail-cuff method with the IITC Life Science Model 1631 tail pulse detection system (IITC Life Science, Woodland Hills, CA, USA). Each mouse was warmed at 33˚C in the heating container for 5 min before measurement. One measurement session involved 6 repetitions and at least three sessions were performed on each mouse to calculate the average.
Real-time PCR for mouse Cyp4a isoforms.
Total RNA was isolated from kidney samples using TRIzol reagent (Invitrogen, Carlsbad, CA), and transcribed into cDNA with reverse transcription reagent kit (Promega, Madison, WI). Real-time PCR was performed on the ABI 7900 System (Applied Biosystems) in a 10 µl SYBR-Green PCR reaction containing 1X SYBRGreen PCR master mix (Applied Biosystems), 5 ng cDNA, and 50 nM forward and reverse primers synthesized specific to Cyp4a10, 5'-GACAAGGACCTACGTGCTGAGG-3' and 5'-CTCATAGCAAATTGTTTCCCA-3'; Cyp4a12, 5'-GCA CAATCTCTTTTTTCTCCGTGTG-3' and 5'-GCAGGCACT GTTGGCCAA-3'; Cyp4a14, 5'-CCTACAAGGTACTTG GATGGT-3' and 5'-ATCATAAAGCAGGACTCGTATA-3'; and β-actin, 5'-TACCAACTGGGACGACATGG-3' and 5'-GGAGTCCATCACAATGCCTG-3'. The reaction condition was 95˚C for 10 min followed by 40 cycles of 95˚C for 15 sec, 60˚C for 1 min, and 72˚C for 30 sec. Dissociation curves were generated to ensure that a single and specific product was amplified. Cycle threshold values (Ct) were analyzed by the SDS2.4 software (Applied Biosystems) and relative quantification of Cyp4a expression was determined using the comparative Ct method with the β-actin transcript as an internal control.
Statistical analysis. Data are expressed as means ± SD. All data were analyzed by software SPSS17.0. We used the one-way analysis of variance or the Student's unpaired twotailed test for statistical analysis. Statistical significance was set at P<0.05. 
Results
Generation of CMV-CYP4F2 transgenic mice. In accordance with the previous strategy of generating the KAP-CYP4F2 transgenic mice (9), we currently produced the novel CMV-CYP4F2 transgenic mouse model (two founders) by the microinjection of the linearized CMV-CYP4F2/his DNA into the BCF1 strain. The difference of the construct plasmids between the two types of transgenic mice was a substitution of the KAP promoter by the CMV promoter (Fig. 1A) . We routinely screened the CMV-CYP4F2 transgenic mice by PCR with primers specific for the CMV promoter and CYP4F2 to verify the transgene incorporation (Fig. 1B) , and further confirmed the accuracy of CYP4F2 by sequencing. There was no apparent difference in the breeding and physiology between the CMV-CYP4F2 transgenic and wild-type mice; furthermore there was no difference in the data described below among the two lines of transgenic mice.
Analysis of CYP4F2 expression profile in transgenic mice.
As illustrated in Fig. 2A and C, Western blot analysis showed that CYP4F2 expression was the highest in the liver tissue of CMV-CYP4F2 transgenic mice. The kidney and other tissues had subtle CYP4F2 expression. Furthermore, the expression profile of the CMV-CYP4F2 transgenic mice was compared with that of the KAP-CYP4F2 transgenic mice. A prominent CYP4F2 expression in the kidney and sexual-hormone responsive tissues was detected in the KAP-CYP4F2 mice which was not observed in the CMV-CYP4F2 mice (Fig. 2B and D) . We quantified the CYP4F2 levels in the kidneys of the two types of transgenic mice and confirmed that CMV-CYP4F2 mice had much lower expression levels of CYP4F2 than the KAP-CYP4F2 mice ( Fig. 2E and F) .
20-HETE level of the transgenic mice.
20-HETE is a bioactive molecule of CYP4F2. To determine whether the difference in the CYP4F2 expression between the CMV-CYP4F2 and the KAP-CYP4F2 mice may affect the levels of 20-HETE production, we measured the levels of 20-HETE in the urine, kidney, plasma and liver by LC-MS/MS analysis. As shown in Fig. 3 , 20-HETE levels varied between wild-type BCF1 and FVB/N mice,with lower 20-HETE levels observed in the BCF1 than in FVB/N strain. The CMV-CYP4F2 transgenic mice had nearly the same 20-HETE levels in the detected samples as the wild-type mice except in the liver (nearly 2-fold vs. control in both genders), and KAP-CYP4F2 transgenic mice had higher 20-HETE levels than wild-type mice, about 2.2-, 1.9-, 1.8-and 1.5-fold in the urine, kidney, blood and liver for the male mice, respectively; and 2.0-, 1.8-, 1.6-and 1.5-fold for the female mice. The data demonstrate that CYP4F2 expression was in parallel with 20-HETE output in both CMV-CYP4F2 and KAP-CYP4F2 transgenic mice.
Blood pressure in transgenic mice. We previously reported that prominent CYP4F2 expression in the kidney of KAP-CYP4F2 transgenic mice leads to an increase of 20-HETE biosynthesis and systolic blood pressure. The systolic blood pressure values in the two types of transgenic mice studied herein are presented in Fig. 4 . No differences in the systolic blood pressure were observed between CMV-CYP4F2 transgenic mice and their control mice in either gender. In contrast, KAP-CYP4F2 transgenic mice had higher blood pressure than their control mice in both genders (21 and 14 mmHg higher in male and female respectively). These results indicate that the novel CMV-CYP4F2 transgenic mice did not have a hypertensive phenotype.
Renal endogenous Cyp4a isoforms in transgenic mice.
To address whether the endogenous Cyp4a isoforms were involved in two types of transgenic mice, we measured the mRNA levels of Cyp4a10, Cyp4a12 and Cyp4a14 (Fig. 5A, B and C, respectively) in the kidney by real-time PCR. Comparison of CMV-CYP4F2 transgenic mice with wild-type mice showed no significant differences in the mRNA levels of three Cyp4a isoforms. In contrast, mRNA levels of three Cyp4a isoforms were lower in KAP-CYP4F2 transgenic mice than in the wild-type mice except for Cyp4a12 in females and Cyp4a14 in males, implying that foreign CYP4F2 could affect endogenous Cyp4a isoforms. In addition, BCF1 mice had much lower renal expression of almost all the Cyp4a isoforms than the FVB/N mice in both genders.
Discussion
In this study, a novel CYP4F2 transgenic mouse model was generated under the control of the CMV promoter, showing no hypertensive phenotype, despite the increased CYP4F2 expression and 20-HETE production in the liver. These CMV-CYP4F2 transgenic mice were in striking contrast to KAP-CYP4F2 transgenic mice which exerted a prohypertensive action of 20-HETE resulting from renal overexpression of CYP4F2. Native CYP4F2 is predominantly expressed in the kidney and liver, and has high ω-hydroxylation activity to catalyze arachidonic acid to 20-HETE (1-3). 20-HETE promotes hypertension by vasoconstriction (4, 5) and attenuates hypertension by the inhibition of ion reabsorption (6,7). The dual effect on regulation of blood pressure is spotlighted in the pathophysiology of hypertension. We previously generated a CYP4F2 transgenic mouse model under the control of a KAP promoter, and demonstrated that the renal overexpression of CYP4F2 contributes to increased 20-HETE production and elevated blood pressure in the KAP-CYP4F2 transgenic mice (9) . In the current study, we attempted to use the CMV promoter for directing CYP4F2 expression into universal tissue of transgenic mice, but interestingly found a major expression in the liver where native CYP4F2 is primarily located. Compared to the KAP-CYP4F2 transgenic mice, the CMV-CYP4F2 transgenic mice had lower levels of CYP4F2 expression and 20-HETE production in the liver, and no change of 20-HETE in the urine, kidney and blood. Subsequently, we did not observe a hypertensive phenotype in the CMV-CYP4F2 transgenic mice. We postulated that 20-HETE located in the liver has a minimal function in the regulation of blood pressure due to the lack of the receptor or the effector downstream of 20-HETE. Nevertheless, we still inferred that renal 20-HETE exerts a dominant prohypertensive action from the contrary side of the CMV-CYP4F2 model, which had normal 20-HETE in the urine and in the kidney and normal blood pressure compared to wild-type mice. From the data above, we conclude that the CYP4F2/20-HETE in the kidney rather than in the liver plays a critical role in the regulation of blood pressure. Since the CMV-CYP4F2 model has a subtle expression of CYP4F2 in the artery we could not evaluate action of 20-HETE derived from CYP4F2 on the vasculature.
It has been reported that the Cyp4a14-knockout mice show high levels of Cyp4a12 and 20-HETE in the kidney which results in hypertension (11) , and mice with a dysfunctional Cyp4a10 gene become salt-sensitive hypertensive even when fed with a normal salt diet (20) , suggesting an interaction between the isoforms of 20-HETE synthesis involved in hypertension. To address the issue whether endogenous 20-HETE synthesis influenced the phenotype of the two types of transgenic mice, we assessed three isoforms in the mouse kidney, namely Cyp4a10, -4a12 and -4a14 by real-time PCR. The data demonstrated that the trangene CYP4F2 had no effect on the renal expression of three Cyp4a isoforms in CMV-CYP4F2 mice, but interfered with Cyp4a10 expression in both genders, Cyp4a12 in male and Cyp4a14 in the female KAP-CYP4F2 mice. Among the three isoforms, Cyp4a10 is highly expressed in the kidneys of both genders, Cyp4a12 is predominantly a male-and Cyp4a14 a female-specific isoform (10) . Therefore, we speculated that the high renal expression of CYP4F2 overwhelmed their dominant expression in the kidney of the KAP-CYP4F2 mice. In addition, we also found that the BCF1 strain, the origin of CMV-CYP4F2 transgenic mice, had much lower renal expression of almost all the Cyp4a isoforms than the FVB/N strain which is the origin of KAP-CYP4F2 transgenic mice, coinciding with the lower urinary and renal 20-HETE in BCF1 than in the FVB/N mice.
The CMV promoter is a powerful and promiscuous promoter widely used for driving the purposed gene expression (21) . Some studies on foreign genes under the control of the CMV promoter described universal tissue expression in transgenic mice (17, 18) , and others reported that gene expression with the CMV promoter seems to be variable and tissue-dependent in transgenic mice (22, 23) . In our CMV-CYP4F2 model, CYP4F2 expression was found to occur predominantly in the liver, although other tissues had subtle expression including the kidney. Extensive study of CMV-CYP4F2 mice revealed no change in 20-HETE levels of the urine and kidney and in the blood pressure. Because these findings were consistent in two transgenic lines, this pattern of expression is unlikely to be attributable to the site of transgene insertion. Similar findings that transgene IGF-I expression was restricted exclusively to the testis and OX40-Ig and GK-Ig expression was relatively specific to the pancreas in CMV promoter-directed transgenic models have been reported by Dyck et al (22) and Zhan et al (23) , respectively. Mohammed et al (24) have suggested that the CMV promoter sequence itself is not sufficient to determine tissue or species specificity and may be involved in differential methylation. Therefore, more studies are needed to explain why CMV controls the liver-specific expression of CYP4F2 in the CMV-CYP4F2 model. As to the KAP promoter, we previously showed robust renal and moderate extra-renal expression in the KAP-CYP4F2 model (9) . Such pattern of transgene expression occurred in KAP-hATG transgenic mice with high expression of angiotensinogen in the kidney and epididymis (25) , in KAP2-iCre transgenic mice with high levels of improved Cre in the kidney and low levels in the brain and liver (26) , and in the KAP-hREN transgenic mice with predominant expression of renin in the kidney and variable in other tissues (27) . Taken together, the marker genes controlled by the KAP promoter were all highly expressed in the kidneys of all the transgenic mice, including our KAP-CYP4F2 transgenic mice. Thus, the KAP promoter is a selective kidney-specific promoter and is a wiser option for the CYP4F2-targeted kidney. In summary, our results reinforce the idea that the overexpression of renal CYP4F2, leading to high 20-HETE, may account for the elevated blood pressure. The foreign CYP4F2, if highly expressed in the kidney, can overwhelm the endogenous renal Cyp4a gene in the transgenic mice. In addition, KAP but not the CMV promoter can efficiently drive the expression of kidney-specific genes.
